The Wigner-band random-matrix model is studied by making use of a generalization of Brillouin-Wigner perturbation theory. Energy eigenfunctions are shown to be divided into perturbative and nonperturbative parts. Several perturbation strengths predicted by the perturbation theory are found to play important roles in the variation of the shape of the local spectral density of states with perturbation strength.
The average shape of energy eigenfunctions ͑EF's͒, characterizing the spreading of perturbed eigenstates over unperturbed eigenstates, is of importance in a wide range of physical fields, from nuclear physics to condensed-matter physics ͑see, e.g., ͓1-6͔͒. Recently, another important quantity, the so-called local spectral density of states ͑LDOS͒, has also attracted lots of attention ͑see, e.g., ͓5-9͔͒. This quantity gives information about the ''decay'' of a specific unperturbed state into other states due to interaction. In particular, the width of LDOS defines the effective ''lifetime'' of the unperturbed state. Numerically, it is already known that for Hamiltonian matrices with band structure generally both the average shape of EF's and that of LDOS can be divided into two parts: central parts and tails with exponential ͑or faster͒ decay. However, an analytical definition for such a division has not been achieved yet. A possible clue for this problem comes from a generalization of the Brillouin-Wigner perturbation theory ͑GBWPT͒ introduced in Ref. ͓10͔ for studying long tails of EF's, which tells that analytically EF's can be divided into perturbative and nonperturbative parts with perturbative parts expanded in a convergent perturbation expansion. The relationship between central parts and nonperturbative parts of EF's was not studied in Ref. ͓10͔, but it is quite important as well.
The so-called Wigner-band random-matrix ͑WBRM͒ model was introduced by Wigner more than 40 years ago ͓11͔ for the description of complex quantum systems as nuclei. It is currently under close investigation ͑see, e.g., ͓12-17͔͒ since it is believed to provide an adequate description also for some other complex systems, e.g., the Ce atom ͓5͔, and as well as for dynamical conservative systems possessing chaotic classical limit. Having been studied extensively both analytically and numerically, many of the properties of the WBRM are already known clearly, especially, analytical techniques for studying the LDOS of the WBRM have been developed quite well ͓7͔. However, there are still some properties of the model which have not been studied, e.g., the division of EF's into perturbative and nonperturbative parts. It is such properties of the model that we are to study in this paper by making use of the GBWPT.
The Hamiltonian matrix of the WBRM model studied in this paper is chosen of the form 
where Tϭ͓1/(E ␣ ϪH 0 )͔QV. ͑Subscripts ␣ for the operators P and Q, etc., are omitted for brevity.͒ The PT part ͉ f ͘ can be expanded in a convergent perturbation expansion by making use of the NPT part ͉t͘ even when perturbation is strong. The second result is that, defining the size of the NPT part ͉t͘ as N p ϵ p 2 Ϫ p 1 ϩ1, the perturbation strength at which N p ϭb, denoted by b , is of importance since the structure of the perturbation expansion of ͉ f ͘ for the case of N p уb is different from that for N p Ͻb. Another perturbation strength of interest is the smallest for N p ϭ2, labeled by f , which indicates the beginning of the invalidity of the ordinary Brillouin-Wigner perturbation theory.
Introducing an operator UϵQV͓1/(E ␣ ϪH 0 )͔Q and its eigensolutions U͉͘ϭu ͉͘, one can show that the condition ͑1͒ is equivalent to the requirement that all the values of ͉u ͉ are less than one. Then, using the perturbation expansion of the PT part of ͉␣͘ and an expansion QV͉t͘ ϭ ͚ h ͉͘, one can show that each component C ␣ j ϭ͗ j͉␣͘ with j͓ p 1 Ϫ(mϩ1)b,p 1 Ϫmb) or (p 2 ϩmb,p 2 ϩ(m ϩ1)b͔, where mу0, can be expressed as 
, where C ␣k ϭ͗k͉␣͘. In order to obtain the average shape of eigenstates, we express W ␣ (E 0 ) with respect to E ␣ before averaging. The average shape of eigenstates, denoted by W(E s 0 ), can also be divided into a NPT part and a PT part by the averaged boundary of the NPT parts of the states ͉␣͘, denoted by p 1 a ϵ͗p 1 ϪE ␣ ͘ and p 2 a ϵ͗p 2 ϪE ␣ ͘, respectively. The average size of the NPT parts of eigenstates is ͗N p ͘ϵ͗p 2 Ϫ p 1 ϩ1͘.
The first numerical result we present is for the case of Nϭ300, bϭ10, and ϭ0.6. This is a case for which N p can be equal to both 1 and 2. The average shape of EF's for ␣ from 130 to 170 is given in Fig. 1 with the boundaries p 1 a and p 2 a indicated by vertical dashed-dot lines. Then, we increase the value of to 1.4. For this , N p ϭb for some of the eigenstates, e.g., N p ϭ9,10 for ␣ϭ148,149, respectively. Individual EF's for the two ͉␣͘ are given in Fig. 2 with their boundaries of the NPT parts. The average shape of EF's in the middle energy region for ϭ1.4 is presented in Fig. 3͑a͒,   FIG. 1 Figure  3͑b͒ shows that, as predicted above, the decaying speed of the averaged EF's in the two slope regions is obviously slower than that in the long-tail regions.
A feature of the WBRM model is that in some regimes of the parameter there would appear the so-called localization in the energy shell ͓12͔. Behaviors of EF's in their NPT regions in these regimes of the parameter are different from that shown in Fig. 2 . For example, as shown in Fig. 4 , when ϭ30, bϭ10, and Nϭ900, the main bodies of the EF's occupy only part of their NPT regions between p 1 and p 2 . This property of the EF's could explain the phenomenon of localization in the energy shell. In our opinion, the localization is in fact localization of EF's in their NPT regions. Figure 4 also shows that although many components of the NPT parts of the EF's are quite small, their decaying speed is obviously slower than that in the PT parts of the EF's. The average shape of the EF's in this case has been found showing similar features as in Fig. 3 with respect to the NPT regimes.
In order to have a clear picture for the variation of the average size ͗N p ͘ of NPT parts of EF's with , we plot it in The local spectral density of states ͑LDOS͒ for an unperturbed state ͉k͘ is defined as
The average shape of the LDOS, denoted by L (E s ) ͑sub-script s will be omitted͒, can be obtained in a way similar to that for the EF's discussed above, except that L k (E) are expressed as functions of (EϪE k 0 ) before averaging. Properties of the LDOS of the WBRM have already been studied well ͑see, e.g., ͓5,12,14͔͒, especially, the corresponding analytical techniques have already been developed well ͓7͔. The reason for us to pay some attention to it in this paper is that the role of b and s has not been discussed in previous work.
Let us first study the transition of the average shape of the LDOS from the Breit-Wigner form to the semicircle form. For this we make use of two quantities ⌬S BW ϭ͉͐ L (E)Ϫ BW (E)͉dE and ⌬S sc ϭ͉͐ L (E)Ϫ sc (E)͉dE, which measure the deviation of the LDOS L (E) from its best fitting Breit-Wigner form and from the semicircle form, respectively, (E) is close to the semi-circle form, it should obey an approximate scaling law. Therefore, the perturbation strength s can be regarded as characterizing the beginning for the LDOS to obey a good approximate scaling law. Second, let us study the half-width of the average shape of LDOS, the variation of which is given in Fig. 5 by triangles. We see that the well-known quadratic dependence and linear dependence of the halfwidth on perturbation strength is separated by the perturbation strength ͗ b ͘.
In conclusion, in this paper numerically it is shown that the central part of the average shape of EF's is composed of its nonperturbative ͑NPT͒ part and the slope region of its perturbative ͑PT͒ part predicted by the GBWPT. Three perturbation strengths related to properties of the size of NPT parts of EF's, namely, f , b , and s , have been found also to play important roles in the variation of the shape of the LDOS.
